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We have used absorption and electroabsorption spectroscopy to investigate the electronic structure of
poly~para-phenylene vinylene! ~PPV! and poly 2-methoxy, 5-(28-~ethyl!hexyloxy!-p-phenylene vinylene
~MEH-PPV!. In particular we examine the often used assumption that the electronic structure of PPV and its
dialkoxy substituted derivatives are essentially the same. The absorption spectrum of PPV consists of three
peaks, while that of MEH-PPV has four peaks. We discuss the controversial origin of the extra peak as well as
evidence for Davydov splitting effects in the absorption spectrum of PPV. The analysis of the nonlinear spectra
shows further differences between the two materials. First, the binding energy of the 1Bu exciton for PPV is
some 0.1 eV higher than for MEH-PPV. Second, the peak value of Im$x(3)(2v;0,0,v)% for PPV is approxi-
mately 40 times higher than that of MEH-PPV. We also found that the sum-over-states modeling of the
electroabsorption spectra indicates that the transition dipole moment between the mAg and nBu states is of
opposite sign in the two polymers. @S0163-1829~99!02523-0#I. INTRODUCTION
Poly~para-phenylene vinylene! ~PPV! and its derivatives
have recently received a great deal of attention both from
experimental and a theoretical perspectives.1–3 This interest
is in large part motivated by the demonstration of electrolu-
minescence with high efficiency3 and the very large, ul-
trafast, optical nonlinearities that these materials possess.4
Critical to the existence of such effects is the presence of a
delocalized p-electron system associated with the conjugated
molecular backbone. In order to optimize conjugated poly-
mers for device applications, it is important to know the
energies and nature of the excited states of this p-electron
system as well as how they depend on chemical and physical
structure.
PPV is insoluble and thus thin films are usually prepared
by thermal conversion of a soluble nonconjugated interme-
diate, or precursor, polymer. In order to improve its process-
ability, many soluble derivatives of PPV have been synthe-
sized by attaching side groups to the phenylene rings at the 2
and/or 5 positions. The chemical structures of PPV and
poly2-methoxy, 5-@28-~ethyl!hexyloxy#-p-phenylene vi-
nylene ~MEH-PPV!, a widely used derivative, are shown in
Fig. 1. It is a common implicit assumption that the dominant
effect dialkoxy substitution has on the electronic structure of
the polymer is to produce a uniform redshift of the energy of
the excited states. Thus many experimental reports treat PPV
and its derivatives as fundamentally equivalent. We are not
aware of any previous experimental studies which have spe-
cifically examined this assumption, and an important part of
the work reported here is an investigation of the location of
the principal low-lying excited states of the two polymers.
Ideally, PPV and MEH-PPV have C2h symmetry. As a
consequence the electronic states must be of even ~gerade! or
odd ~ungerade! parity. One-photon optical transitions are
strongly allowed only between states with opposite parity.PRB 590163-1829/99/59~23!/15133~10!/$15.00This means that half of the excited states of these materials
are inaccessible by linear spectroscopies. Nonlinear optical
~NLO! techniques allow these states to be investigated, but
most NLO techniques require high-intensity ~pulsed! laser
systems for which it is difficult to obtain tunability over a
wide energy range. Electroabsorption ~EA! spectroscopy is
particularly attractive, as it is a NLO technique that can be
performed using cw light sources and thus a wide spectral
range is more readily accessed. In this technique the optical
absorption of a material is modulated by a low frequency ac
~;kHz! electric field. The resulting spectra, to a good ap-
proximation, are proportional to the imaginary part of the dc
Kerr susceptibility, x (3)(2v;0,0,v), since v;1015 Hz. A
number of conjugated polymers have been studied by EA
spectroscopy, including polyacetylene,5 polydiacetylenes-
~PDA!,6 and polythieneylenevinylene ~PTV!.7 In general
these studies have found that the EA spectra reasonably
closely follow a combination of first and second energy de-
rivatives of the linear absorption spectrum. In addition, they
observed some field-induced features corresponding to tran-
FIG. 1. Chemical structure of PPV and MEH-PPV.15 133 ©1999 The American Physical Society
15 134 PRB 59MARTIN, BRADLEY, LANE, MELLOR, AND BURNsitions to states that are normally one-photon forbidden and
that become partially allowed in the presence of an electric
field.
The electric field leads to a mixing of states. This gives
rise to two effects: First, the excited-state energies are sub-
ject to a Stark shift. For nondegenerate states and, to second
order in the applied electric field, the result is a change in the
optical-absorption proportional to a combination of the first
and second ~photon! energy derivatives of the absorption co-
efficient a. These have traditionally been interpreted as aris-
ing from transitions involving a change in polarizability ~first
derivative! and a change in permanent dipole moment ~sec-
ond derivative!.8–10 Second, the electric field mixes the sym-
metries of the excited states which results in a transfer of
oscillator strength from the strongly allowed optical transi-
tions to transitions forbidden in the absence of an electric
field. The transfer of oscillator strength results in a negative
spectral response proportional to the absorption coefficient
~though the constant of proportionality may vary across the
spectrum! together with the appearance of induced absorp-
tion bands, which are entirely unrelated to the unperturbed
absorption spectrum. For real conjugated polymer samples,
the situation is further complicated by the existence of a
distribution of conjugation lengths. As the third-order hyper-
polarizability varies with conjugation length, a distribution
of conjugation lengths makes it difficult to analyze EA spec-
tra solely in terms of derivatives of the linear absorption
spectrum.
Recently, Liess et al.11 modeled the EA spectra of a vari-
ety of conjugated polymers using a sum-over-states ~SOS!
approach incorporating three essential states and an asym-
metric distribution of conjugation lengths. These three essen-
tial states are the ground state ~the 1Ag), the lowest odd-
parity excited state ~the 1Bu), and an even-parity state
strongly coupled to the 1Bu ~the mAg). While their model
agrees with measured EA spectra, third-harmonic-generation
measurements on PPV films12 have detected an odd-parity
three-photon state ~the nBu). This state will participate in
three-photon processes, and should be included in any com-
plete model. Indeed, Guo et al.13 predicted that the third-
order optical nonlinearity of conjugated polymers is domi-
nated by contributions from all four states. We have
therefore developed a SOS model incorporating four essen-
tial states and a distribution of conjugation lengths, and have
used the model to describe the nonlinear optical spectra of
PPV and MEH-PPV. Comparison of the results for PPV and
MEH-PPV allows us to address the effect of chemical sub-
stitution on the electronic structure of this important class of
conjugated polymers.
II. EXPERIMENT
The polymers were synthesized according to previously
published methods.14,15 The PPV samples used in this study
were prepared via thermal conversion of films of a tetrahy-
drothiophenium leaving group precursor polymer. The films
were converted under dynamic vacuum (1025 Torr) at a tem-
perature of 220 °C for 6 h. The MEH-PPV samples were
made by spin coating from a 1% by weight solution of the
polymer in toluene. Samples for UV/Vis absorption mea-
surements were prepared by spin coating films onto spectro-sil substrates. Samples for EA measurements were fabricated
by spin coating films onto spectrosil substrates that had a set
of interdigitated electrodes, with a finger spacing of 100 mm,
predeposited on them. These electrodes were prepared by the
thermal evaporation of aluminum through a shadow mask.
The UV/Vis absorption spectrum of the polymers was mea-
sured at 77 K, over the spectral range 200–900 nm using a
Unicam UV4 spectrophotometer equipped with a custom-
built liquid-nitrogen-cooled cryostat.
The electroabsorption spectrometer consists of a light
source ~100-W tungsten halogen lamp, or 150-W Xe lamp!,
monochromated by a Digichrom DK 240 single grating
monochromator equipped with a 1200-lines/mm holographic
grating, a nitrogen-cooled cold finger cryostat, a high-voltage
amplifier, and a silicon photodiode. The light from the mono-
chromator was focused onto the sample, and the transmitted
light was collected and focused onto the photodiode. The
electrical output from the photodiode was preamplified, and
split into ac and dc components. The ac component of the
signal, which corresponds to the field-induced change in the
transmission, DT , was measured using a lock-in amplifier set
to the second harmonic of the field modulation. The dc com-
ponent, which corresponds to the unperturbed transmission T
was measured with a computer controlled voltage meter. The
outputs from the lock-in and the meter are recorded by a
computer and ratioed to yield the normalized change in the
transmission, DT/T . For normal incidence and neglecting
multiple reflections DT/T is related to the electric-field-
induced change in the reflectivity, DR , and the absorption
coefficient Da of the film, by the relation5
2DT
T 5dDa1
2
12R DR , ~1!
where d is the film thickness, and R is the unperturbed re-
flectivity. For sufficiently thick films (d>100 nm), the first
term in Eq. ~1! is typically more than one order of magnitude
greater than the second. The second term can therefore be
neglected, and we can write
2DT
T 'dDa . ~2!
As discussed above, the electric field causes a Stark shift
of the allowed optical transitions and a transfer of oscillator
strength from allowed to forbidden transitions resulting in
field-induced absorptions. In the absence of the transfer of
oscillator strength, the Stark shift results in an EA spectrum
line shape Da of the form16
Da5
1
2 DpF
2 ]a
]E 1
1
6 ~m fF !
2 ]
2a
]E2 , ~3!
where Dp is the change in the polarizability upon excitation,
F is the applied field strength, E is the photon energy, and m f
is the permanent dipole moment of the final state ~assuming
that the ground state is nondipolar!. Within this analysis a
first-derivative-like line shape for the EA is indicative of
transitions to a neutral excited state. A second derivative line
shape indicates that the excited state has a significant dipole
moment. Transfer of oscillator strength does occur, however,
resulting in a ~negative! contribution from the zeroth deriva-
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tribution to the EA spectrum will also result in an apparent
second derivative component, as the transfer of oscillator
FIG. 2. Sum-over-states pathways used to calculate
x (3)(2v;0,0,v).strength results in a small perturbation of the first derivative
component which can be approximated by a second deriva-
tive in a Taylor-like expansion. Recently Liess et al.11
showed that a significant contribution to the second deriva-
tive component of the EA response of conjugated polymers
can also arise from the distribution of conjugation lengths
that exists in most conjugated polymer systems. They
showed that the EA spectra in the region of the low-lying
excitations for a wide range of conjugated polymers could be
interpreted solely in terms of neutral excitations.
Orr and Ward17 showed that the third-order nonlinear sus-
ceptibilities, x (3)(2vs ;v1 ,v2 ,v3), can be expressed in
terms of components that involve summations over sets of
four states a, b, c, and d. These expressions are of the formx~3 !~2vs ;v1 ,v2 ,v3!5
N
«0
e4
3!\3 ST(a r0~a !
3F (
abcd
mabmbcmcdmda
~Vba2vs!~Vca2v22v3!~Vba2v3!
2(
a cd
macmcamadmda
~Vca2vs!~Vda2v3!~vba1vs!
G ,
~4!where v1 , v2 , and v3 are the input radiation frequencies,
and vs(5v11v21v3) is the frequency of the output radia-
tion field. Vxy is the energy separation of the states x and y,
and mxy is the transition dipole moment connecting the two
states. Ideally these summations should be carried out over
all combinations of all the states of the system. However,
several workers have shown that for quasi-one-dimensional
conjugated polymers only a few ‘‘essential’’ states need be
taken into account.13,18 These states are the ground state and
the 1Bu , the mAg , and the nBu excited states. mAg is iden-
tified as that state which couples most strongly to the 1Bu
state, and the nBu state is associated with the onset of the
continuum of states.19 As discussed above, Liess et al.11
modeled the EA spectra of several conjugated polymers us-
ing a three-essential-state model, the states used were the
ground state, the 1Bu state, and the mAg state. Within this
model two photon pathways are included in the SOS calcu-
lation. These pathways are illustrated in parts ~i! and ~ii! of
Fig. 2. Here we use a similar approach, but extend the model
to include the nBu state.18 This introduces two new pathways
into the SOS calculation. These pathways are shown in parts
~iii! and ~iv! of Fig. 2.
In order to take into account the vibronic structure in the
EA spectra, the sums in Eq. ~4! are carried out over the
vibrational levels Vx1nv ~where Vx is the electronic state
energy, n is an integer, and v is the vibrational quantum
energy!, and the dipole moments are multiplied by the
relavent Franck-Condon overlap factor Fpq , which is given
by19,20
Fpq~a !5
e2a
2/4
A2p1qp!q! (r
2r~21 !q2rap1q22rp!q!
r!~p2r !!~q2r !! , ~5!where p and q are the phonon levels between which the
transition occurs, a is the difference in configurational coor-
dinate between the two electronic states involved, and the
sum is from r50 up to the smaller of p or q. To simplify the
calculation we used the same vibrational quantum energy for
all of the electronic states.11,19
The existence of a range of conjugation lengths within the
polymer films results in the excited states being distributed
over a range of energies. Further, since the nonlinear re-
sponse is strongly dependent on the conjugation length, the
longer segments within the distribution will contribute more
to the overall response of the system than the shorter seg-
ments. Liess et al. modeled this effect by introducing an as-
symetric distribution function z(E8) and calculating the
function
xfilm
~3 ! ~2v;0,0,v!}E
2d
1d
z~E8!xSOS
~3 ! ~E1Bu1E8;EmAg
1E8;EnBu1E8;2v;0,0,v)dE8,
~6!
where xSOS
(3) is the SOS susceptibility including vibronic ef-
fects, and E8 is the energy. For z(E8), we use an asymmetric
Gaussian function11
z~E8!5
1.13
B
expH 2FE8B 2S 0.9511eu20.475D G2J
11expH 2FE8B 2S 0.9511eu20.475D G J
. ~7!
The parameters B and u allow the width and assymetry of z8
to be varied without changing the position of the mean en-
ergy. The asymmetry is defined as the ratio of the energies
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nances the measured EA signal is proportional to the imagi-
nary part of the nonlinear susceptibility x (3)(2v;0,0,v).
The line shape calculated from Eq. ~6! can thus be compared
directly to the measured EA line shapes. We emphasize that
it is the line shapes we are interested in here, as the calcula-
tion of values of x (3) requires a knowledge of the density of
conjugated units within the films, the local-field tensor, and
the absolute values of the various transition dipole moments,
and this information is not available. The calculated line
shapes allow us to interpret the spectral features in the mea-
sured spectra in terms of the essential states.
As mentioned in the Introduction EA spectroscopy can be
used to investigate the nonlinear optical properties of mate-
rials. The dc Kerr susceptibility is defined by
x~3 !~2v;0,0,v!5
n˜D n˜
2pF2 , ~8!
where n˜ and D n˜ are the complex refractive index and the
electric-field-induced change in the complex refractive index
of the film, respectively, and F is the applied electric field.
The spectral dispersion of the refractive indices of the films
were calculated from UV/Vis absorption spectra ~neglecting
interference and reflectivity effects!. In this case the optical
density O of a film can be related to the absorption coeffi-
cient, a, by
a'
2.3023O
d , ~9!
where d is the film thickness. The imaginary part of the
refractive index, k, can be calculated directly, since
a~E !5
4pkE
hc . ~10!
The real part of the refractive index is then calculated via a
Kramers-Kronig relation
n~E !215
ch
2p2 E0
` a~E8!
E822E2
dE8. ~11!
The field-induced change in the imaginary part of the refrac-
tive index, Dk , can be obtained from the EA data, since
Dk~E !5
Da~E !hc
4pE . ~12!
If Da is known over a wide range of photon energies, then
the field-induced change in the real part of the refractive
index, Dn , can be calculated using a Kramers-Kronig trans-
form
Dn~E !5
ch
p E0
` Da~E8!
E822E2
dE8. ~13!
x (3)(2v;0,0,v) can thus be calculated from the linear ab-
sorption and EA spectra.III. RESULTS AND DISCUSSION
A. Linear absorption spectra
The linear absorption spectra measured for our samples of
PPV and MEH-PPV are shown in Fig. 3. Both agree well
with previous reports.1,11,21–23 The PPV spectrum consists of
two strong peaks, labeled I and III, at 2.84 and 6.15 eV, and
a third, weaker, peak II, at 4.77 eV. At around 3.66 eV the
slope of peak I changes, suggesting that there are at least two
overlapping components contributing to peak I. Peak I has a
clearly resolved vibronic progression, with a spacing of ap-
proximately 180 meV, which is typical for a carbon carbon
stretching mode. Peak II also shows a ~less well resolved!
vibronic structure. The PPV absorption spectrum displays a
strong tail to low photon energies. This is believed to be
largely due to Rayleigh scattering of light from microcrys-
tallites within the film. The MEH-PPV spectrum consists of
two strong peaks a and d, at 2.44 and 5.94 eV and two
weaker peaks b and c at 3.69 and 4.83 eV. The first peak of
the MEH-PPV absorption shows poorly resolved vibronic
structure in the form of two shoulders at 2.29 and 2.54 eV
which are due to vibronic transitions. They are less well
resolved than those in the PPV spectrum due to the disorder
present in the film. It is interesting to note that the widths and
shapes of these peaks are quite different in the two polymers.
The full width at half maximum for peaks I and a are 1.14
and 0.56 eV. Peak I is significantly more asymmetric than
peak a, even allowing for the greater degree of vibronic
structure visible in peak I. This difference has not been em-
phasized previously, to our knowledge. We believe that it is
related to differences in polymer chain packing. PPV is
known to be a crystalline polymer, and when prepared as
thin films via the precursor route forms a nanocrystalline
structure.24 The p2gg crystal structure would be expected to
give rise to Davydov splitting of the exciton absorption. In
general, when the dipole moments of two ~or more! excitons
are parallel, only the higher-lying Davydov component of the
absorption is allowed. When they are head to tail then only
the lower component is allowed. Disorder with the PPV
films results in a spread in the degree of Davydov splitting,
and can also result in both components being allowed. The
asymmetric substitution of MEH-PPV disrupts crystalliza-
tion and Davydov splitting will be greatly suppressed. Davy-
dov splitting effects are well known in thin films of conju-
gated oligomers such as sexithiophene and hexaphenyl.25,26
In these materials the degree of Davydov splitting can be
FIG. 3. Optical-absorption spectra of PPV ~solid line! and
MEH-PPV ~dashed line!.
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to strong variations in absorption spectra.
The peaks in the absorption spectra are due to different
allowed excitations of the phenylenevinylene p electron sys-
tem. The C2h symmetry of the ~ideal! polymer chains means
that the ground state is of Ag symmetry, and allowed optical
transitions are to states with Bu symmetry. The lowest-lying
peak ~I and a! is due to transitions between molecular orbit-
als delocalized along the polymer backbone. This transition
is termed the 1Ag to 1Bu transition. Peaks III and d arise
from transitions to highly localized states originating from
the molecular orbitals of benzene. It is termed the 1Ag to
2B1u transition. Peaks II and c are due to transitions between
localized and delocalized states, and is the 1Ag to 2B2u tran-
sition. The origin of peak b is the subject of some consider-
able debate. Some workers claim that this transition arises
because of finite-size effects arising from structural disorder:
The p-electron system of the polymer consists of segments
with a distribution of conjugation lengths. Others have pro-
posed that it arises from the effects of charge conjugation
symmetry ~CCS! breaking due to the dialkoxy substitution of
the phenylene rings in MEH-PPV. The result of this symme-
try breaking is to allow a transition that is forbidden in PPV.
Comparison with the spectrum of PPV suggests that the
change in the slope of peak I above 3.66 eV, indicating an-
other transition could then be the result of either very weak
CCS breaking arising from structural defects, or finite-size
effects. It is very difficult to differentiate between these two
proposals. We note, however, that site-selective fluorescence
studies show that there is a distribution of conjugation
lengths in both polymers, and hence absorption peaks due to
finite-size effects would be expected for both polymers. We
believe therefore that CCS breaking is the most likely expla-
nation of peak b. We note further that dimethyl PPV, a de-
rivative of PPV that is expected to exhibit a similar degree of
CCS breaking as PPV, does not exhibit either a shoulder as
seen in PPV or a peak equivalent to the peak b in
MEH-PPV.15 The methyl substituents disrupt the packing of
the polymer chains and reduce the Davydov splitting effects
considerably. It seems likely therefore that the shoulder in
the absorption of PPV is related to packing effects rather
than being due to finite-size effects.
FIG. 4. EA spectrum of PPV ~solid line! for an applied field
strength of 50 kV/cm, and the normalized first derivative of the
linear absorption spectrum ~dashed line!.B. Electroabsorption spectra
Figure 4 shows a typical EA spectrum for PPV along with
the first derivative of the linear absorption. In the region of
peak I the first peak in the EA spectrum follows the first
derivative closely, but with several systematic deviations. To
higher photon energies the match between the two spectra
becomes poor. Between 3.1 and 3.5 eV there is a feature in
the EA spectrum ~the shaded region in Fig. 4! that has no
corresponding feature in the derivative spectrum. It is be-
lieved that this feature is due to a previously forbidden tran-
sition that becomes allowed in the presence of the applied
electric field. We will return to this point below. The EA
response in the region from 3.6 to 4.2 eV is very small,
indicating that any electronic states in this region have a very
low polarizability. We also note that the EA response in the
region of peak II does not match the first derivative.
A typical EA spectrum for MEH-PPV is shown in Fig. 5
along with the first derivative of the linear absorption. As
expected from the linear absorption spectra the vibronic cou-
pling effects are much less prominent in the EA spectrum of
MEH-PPV than in that of PPV. This reflects the greater dis-
order within the MEH-PPV film. As for the PPV data, the
EA response in the region of peak a closely matches the first
derivative line shape. To higher energies the line shape de-
viates from the first derivative, and there is a feature in the
region of 2.73 to 3.15 eV ~shown shaded in Fig. 5! that is
assigned to field-induced activation of a previously forbidden
transition. The EA spectrum in the region of peak b ~the inset
of Fig. 5! matches the first derivative line shape quite well. It
has previously been reported that the EA response of MEH-
PPV in this energy region was not matched by any feature in
the derivative spectra.11,21 Liess et al.11 reported that similar
features are present in the EA spectra of several luminescent
conjugated polymers @~dioctyloxy!-PPV ~DOO-PPV! and
poly~alkyl thiophene! ~PAT!# but absent from that of nonlu-
minescent polymers ~PTV, PDA! and speculated that it is
due to a high-energy Ag state, and that its prescence is char-
acteristic of luminescent polymers. We see no evidence for
such a feature in the EA spectrum of PPV, which is lumines-
FIG. 5. EA spectrum of MEH-PPV ~solid line! for an applied
field strength of 50 kV/cm, and the normalized first derivative of the
linear absorption spectrum ~dashed line!. The inset shows the spec-
tra in the range 3.2–5.0 eV on an enlarged scale.
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coefficient for each fit.
Polymer
Fit range
~eV! a0 a1 a2 R
Dp
~eV/V2/
m2! r ~Å!
PPV 2.3–2.55 22.86e-4 8.83e-5 1.87e-6 0.990 2.3e-18 9.4
~peak I!
4.2–4.9 21.67e-5 22.24e-7 3.55e-6 0.890
~peak II!
3.0–3.5 5.80e-6 22.20e-5 1.39e-6 0.492
~see text!
MEH-PPV 2.0–2.4 27.4e-6 2.60e-6 4.227e-8 0.988 8.1e-20 1.8
~peak a!
3.3–4.0 22.694e- 6.17e-7 1.32e-8 0.969
~peak b! 7
4.0–4.96 24.19e-7 6.24e-7 8.45e-8 0.890
~peak c!
2.7–3.2 27.33e-6 21.49e-6 7.82e-7 0.809
~see text!cent. We believe that this feature is much better explained as
being due to the Stark shift of peak b.
In order to investigate the origin of the various features in
the EA spectra we modeled them with a linear combination
of the zeroth, first, and second derivatives of the absorption
a(e), i.e.,
Da~E !5a0a~E !1a1
]a~E !
]E 1a2
]2a~E !
]E2 . ~14!
Least-squares fits of Eq. ~14! to features in the EA spectra
were carried out. The results of this fitting are shown in
Table I. No one combination of derivatives could be found to
satisfactorily fit the entire EA spectra for either polymer.
Good fits could, however, be obtained over limited ranges of
photon energy in the region of the various spectral features
in the linear absorption. No satisfactory fit could be found for
the feature between 3.1 and 3.5 eV in the PPV EA spectrum.
Similarly for MEH-PPV the feature between 2.73 and 3.15
eV could not be fitted. This is further evidence that these
features are associated with activation of previously forbid-
den transitions. Liess et al.11 assigned the activated transition
as the one photon forbidden 1Ag to mAg state. They saw a
similar feature in the EA spectra of a range of conjugated
polymers ~DOO-PPV, PPP, PTV! and deduced that field-
induced activation of the mAg state occurs in all conjugated
polymers. It follows then that the field-induced feature in the
EA spectrum of PPV should also be due to the mAg exciton.
Baker, Gelsen, and Bradley27 measured the two photon pho-
toluminescence excitation spectrum of PPV, and found a
strong two-photon absorption feature with an onset at 2.7 eV,
and a peak at 2.95 eV. Clearly these values are somewhat at
variance with the location of the field-induced feature seen
here. One explanation for this is that the state found in Ref.
28 is not the mAg state but another Ag state. An alternative
explanation is that since the location of the Ag state reported
in Ref. 28 overlaps strongly with the vibronic progression of
the 1Bu state then part of the EA response due to that Agstate may be masked by the response of the 1Bu state. Sub-
tracting the EA response of the 1Bu exciton, calculated by
fitting the EA response to the first derivative of the absorp-
tion, from the EA spectrum has been used by others10,13 in
order to reveal the location of an induced transition masked
by the response of the 1Bu state. Using the fit parameters for
the EA response in the region of peak I, we calculated the
EA response of PPV and subtracted this from the measured
EA response. No induced absorption in the region 2.7–3.0
eV was revealed, and much of the vibronic structure to en-
ergies higher than the upper limit of the fit range remained.
We conclude from this that the Ag state reported in Ref. 27 is
not the mAg state of PPV, and that this state couples rather
weakly to the 1Bu . Interestingly the best fit for peak II in-
volves a negative first derivative contribution. Fitting the re-
sponse in this region with a linear combination of the zeroth
and second derivatives only does not significantly change the
quality of the fit. The fit to the EA response of peak c in
MEH-PPV, which is the equivalent of peak II, shows a posi-
tive first derivative contribution. This implies that either
peaks II and c have very different origins, which we feel is
unlikely, or that the state of order within the films plays an
important role in determining the fitting parameters. This
will be particularly true for the PPV data since the absorption
data is strongly affected by scattering.
Table I also shows that a rather good fit to the EA spec-
trum of MEH-PPV can be obtained in the region of peak b.
This provides further good evidence that the feature in this
region in the EA spectrum arises from a Stark shift of peak b
rather than some high-energy Ag state.
Also shown in Table I are the changes in polarizabilities
and the exciton radii implied by the derivative analysis. The
values for PPV are in reasonable agreement with previously
reported figures.28,29 The values for MEH-PPV are signifi-
cantly lower than those for PPV. Some of this difference
may be due to the degree of order within the two films. This
is because the polymer chains within the MEH-PPV film are
more disordered than those in the PPV film. This results in
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greater range of segment sizes than in the PPV. However,
EA studies of poly~phenylphenylenevinylene! ~PPPV!,9 a
soluble derivative of PPV which has a phenyl ring substi-
tuted onto the phenylene ring in the polymer backbone and
which is much more strongly disordered than MEH-PPV,
revealed values of Dp and r which were within a factor of 2
of the values for PPV. This means that disorder alone cannot
account for all the differences between PPV and MEH-PPV.
C. NLO spectra
The x (3) spectra, calculated using Eqs. ~3!–~8!, for PPV
and MEH-PPV are shown in Fig. 6. The nonlinear suscepti-
bility for PPV is approximately 40 times larger than that for
MEH-PPV. Part of this difference can be ascribed to the
lower density of conjugated ~i.e., x (3) active! material within
the MEH-PPV polymer films. The alkoxy side groups dilute
the conjugated backbone. From the linear absorption spectra
we estimate that the peak absorbance for the PPV film is
;4.43105 cm21, while for MEH-PPV it is ;2.4
3105 cm21. If we assume that the absorbance per repeat unit
is the same for both materials, then we can estimate that the
density of conjugated units in the MEH-PPV film is about
half that in the PPV film. Thus if the electronic structures of
PPV and MEH-PPV are essentially the same, then we would
expect the susceptibility of a MEH-PPV film to be approxi-
mately half that of a PPV film ~since the NLO response is
proportional to the density of conjugated units!. This leaves a
factor of about 20 in the magnitudes to be accounted for. The
dc relative permitivities of PPV and MEH-PPV are likely to
be very similar so local-field factors are not likely to play a
significant role in the difference between the two polymers.
As discussed above the magnitude of the EA response of
FIG. 6. Real ~solid line! and imaginary ~dashed line! parts of
x (3)(2v;0,0,v) for ~a! PPV and ~b! MEH-PPV.PPPV implies that disorder cannot account for this large dif-
ference. We conclude from this that the absorbance per re-
peat unit is rather less for MEH-PPV than it is for PPV. This
agrees with the calculations of Cornil et al.,30 which looked
at the effect of donor/acceptor substitution on the absorption
of oligomeric models of PPV. They reported that the oscil-
lator strength of the lowest-energy absorption of the substi-
tuted oligomers was reduced compared to the unsubstituted
model compound. Unfortunately, no figures were given for
the substitution induced reduction in oscillator strength.
D. SOS modeling
The SOS modeling of the EA response of these materials
was limited to the region of the 1Bu exciton and the associ-
ated field-induced feature. This is because the other excita-
tions of the polymers involve localized states. It is not clear
at the moment whether the essential states approximation is
valid for such excitations. We first address the issue of the
importance of the nBu state. Guo et al.13 reported that the
presence of an nBu state would be revealed in EA spectra by
a field-induced feature consisting of a 1ve part that is due to
the mAg , and a 2ve part due to the nBu . In the absence of
vibronic features SOS calculations of the type described
above show such a feature ~see Fig. 7!. Also shown in this
figure are the results of the same calculation but with the
effects of vibronic coupling included. Clearly the effect of
the vibrational modes is to broaden the field-induced absorp-
tion, masking the bleaching due to the nBu . This shows that
the absence of an 1ve/2ve field-induced feature does not
preclude the presence of an nBu state.
The results of best fits to the EA spectra of PPV and
MEH-PPV are shown in Fig. 8. Table II lists the parameters
used to produce these spectra. The modeled and measured
EA spectra for PPV do not match as well as those for MEH-
PPV. We believe this reflects the effect of the Davydov split-
ting discussed above on the EA spectrum of PPV films.
Comparing the fit parameters for the two polymers, the first
obvious difference is that the distribution of conjugations
lengths used for PPV is symmetric, while that for MEH-PPV
is highly asymmetric. This would appear to imply that the
crystallinity of PPV results in a narrow distribution of con-
jugation lengths contributing to the EA spectrum. Different
FIG. 7. Effect of vibrational features on the calculated SOS line
shape in the region of the mAg and nBu states. The dashed line
shows the line shape with no vibrational effects included in the
calculation. The solid line shows the line shape with three vibra-
tional levels included for each state.
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each polymer, 185 meV for PPV and 197 meV for MEH-
PPV. The value for PPV agrees well with resonant Raman
studies and modeling of the linear absorption and lumines-
cence of these polymers.31,32 The value for the fit to MEH-
PPV is surprisingly high. Resonant Raman studies of MEH-
PPV show that the strong Raman modes are slightly lower in
energy than the equivalent modes in PPV.31 We would thus
expect that the effective vibrational mode for MEH-PPV
would be slightly lower in energy than that used for PPV.
Indeed, modeling of the linear absorption spectrum of MEH-
PPV in terms of sums of Gaussians by Hagler et al.32 yielded
an effective vibrational energy mode of 180 meV. The high
phonon energy implied by the fit to the EA spectrum for
MEH-PPV is related to the asymmetry of the conjugation
length distribution. This is illustrated in Fig. 9, which shows
the effect of varying the asymmetry of the distribution. The
only difference between the two spectra in the figure is that
one of them has a symmetric distribution and the other an
asymmetric distribution of conjugation lengths. Note that the
1ve(2ve) peaks are at slightly higher~lower! energies for
the symmetric distribution than the asymmetric one. For a
polymer like MEH-PPV which has a broad distribution
~which blurs out most of the vibronic structure! this can re-
sult in an erroneous estimate of the vibrational mode energy.
Another important difference between the two sets of pa-
rameters for the EA fits concerns the signs of the m03 tran-
FIG. 8. Comparison of the EA ~solid line! and SOS ~dashed
line! line shapes for ~a! PPV and ~b! MEH-PPV.sition dipole moments. It was found that the m03 dipole mo-
ment had to be of the same sign as m23 for PPV, while for
MEH-PPV these moments had to be of opposite sign. We
cannot rule out the possibility that this difference arises from
the Davydov splitting that affects the appearance the EA
spectrum for PPV. We are not aware of any published results
of calculations of these dipole moments. The energetic loca-
tion of the nBu state was found to be a much less important
factor than the dipole moments involving this state. This is
because of the effect of the vibronic coupling masking its
position. The best fits are obtained when the nBu state lies
close in energy to the mAg state. We conclude from this that
the field-induced feature seen in the EA spectra of PPV and
MEH-PPV involves contributions from the mAg and nBu ,
states but that the mAg state dominates. The dominance of
the response of the mAg state over that of the nBu state
explains why the three essential state fits of Liess and
co-workers11,33 were so successful in reproducing the EA
spectra.
Since the nBu state is usually taken to mark the onset of
the continuum of states, we can deduce a value for the bind-
ing energy of the 1Bu exciton in these polymers from the EA
spectra. This binding energy is defined as the difference in
energy between the 1Bu and the nBu states. For PPV this
value is 0.84 eV, and for MEH-PPV it is 0.75 eV. These
values for the binding energies are considerably higher than
those measured by indirect electrical methods which vary
between a few meV and 0.4 eV.2 In these indirect measure-
ments the binding energy measured is the energy difference
between the creation energy of two fully separated, geo-
metrically relaxed, charge carriers of opposite sign and the
energy of a ~neutral! polaron-exciton. The binding energy
measured here corresponds to the energy difference between
a relaxed 1Bu exciton and a relaxed nBu exciton. As pointed
out by Conwell34 care has to be taken when comparing ex-
citon binding energies in conjugated polymers which are
measured by different techniques. We note further that 0.7–
FIG. 9. Effect of the symmetry of the distribution of conjugation
lengths on the position of the features in the SOS line shape. The
solid line corresponds to a symmetric distribution, while the dashed
line corresponds to an asymmetric distribution.TABLE II. SOS fitting parameters used to model the EA spectra of PPV and MEH-PPV.
Polymer E1bu EmAg EnBu m01 m12 m23 m03 Q1 Q2 Q3 A
PPV 2.46 3.15 3.3 1 2.2 2.5 0.07 1. 20.7 0.7 1
MEH-PPV 2.25 2.9 3.0 1 2.2 2.0 20.05 1.1 20.4 0.4 2.23
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approximately 0.5 eV accepted for the polydiacetylenes.13
It is interesting to speculate on the origin of the difference
in the magnitudes of the NLO response of PPV and MEH-
PPV. First, the dipole moment between the ground state and
the 1Bu exciton may be different for the two polymers.30 The
existence of peak b due to CCS breaking in MEH-PPV will
result in peak a having a smaller oscillator strength, and
hence the dipole moment between the ground state and the
1Bu exciton will be smaller in MEH-PPV than in PPV. This
dipole moment appears in all the SOS pathways, and sets the
scale of magnitude for the NLO response. The smaller dipole
moment in MEH-PPV also could explain the reduced Davy-
dov splitting in the MEH-PPV films, as the magnitude of the
Davydov splitting is determined by the transition dipole mo-
ment. A second factor which may affect the magnitude of the
response is the dimensionality of the excitons in the poly-
mers. The alkoxy substitution leads to an extension of the
conjugation across the oxygen atoms ~the mesomeric effect!.
This will result in the excitonic wave functions in MEH-PPV
having a slightly more two-dimensional character than in
PPV. Mathy et al.12 showed that dimensionality can have a
strong effect on the magnitude of the NLO response of or-
ganic materials.
IV. SUMMARY
In summary, we have reported the linear optical and elec-
troabsorption properties of PPV and MEH-PPV. We find
that, in keeping with other workers, the linear absorption of
PPV has three well-defined transitions, while MEH-PPV has
four transitions. We have presented some arguments that
support the idea that the extra transition in MEH-PPV is due
to CCS breaking effects and not finite length effects.
The analysis of the electroabsorption spectra indicatesthat PPV is significantly more nonlinear than MEH-PPV.
Our SOS modeling of the EA reponse of these polymers
shows that the response of the low-lying excitations can be
modeled by a four-essential-state model which involves the
1Ag , 1Bu , mAg , and nBu states. The mAg and nBu states
appear to lie very close to each other in energy. The location
of the nBu in PPV implied by the SOS fitting to the EA
spectrum ~3.3 eV! is in reasonable agreement with the value
of 3.2 eV reported by Mathy et al.12 which was measured
using third-harmonic generation. The inclusion of vibrational
coupling in the calculation masks the response of the nBu
state. It was not necessary to include an Ag state that lies
between the 1Bu and mBg states which was reported in Ref.
28. The SOS modeling also indicates that the transition di-
pole moment between the mAg and nBu states is of opposite
sign in the two polymers. These results show that PPV and
MEH-PPV ~and other dialkoxy derivatives of PPV! are not
necessarily as similar as previously assumed, and we urge
caution when interpreting results from one polymer to pre-
dict the behavior of the other. We have also shown that a
feature in the EA spectrum of MEH-PPV which was as-
signed to a previously unreported Ag state by Liess et al.11
can be more convincingly assigned to the Stark shift of a
high-lying nBu state.
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